The discovery of a novel variant of carnitine palmitoyltransferase 1 isoform A (CPT1A), p.P479L, occurring in high frequency among indigenous populations residing on the west and north coasts of Alaska, in northern Canada, and in northeastern Siberia, [1] [2] [3] [4] has generated considerable interest. A variant of this gene previously identified in North American Hutterite populations, p.G710E, results in loss of enzyme function; in the homozygous state the p.G710E variant has been associated with childhood hypoglycemia and infant death. 5, 6 Therefore, the potential health effects of the P479L variant are of concern. Four epidemiological studies performed in Alaska and Canada have reported a statistical association between P479L homozygosity and infant death, suggesting that the genotype may have important public health significance. 1, 3, 4, 7, 8 However, the available evidence regarding P479L homozygosity and infant death is insufficient to support a causal association and suggests that if a causal association is present, then the genotype is likely to be only one of a complex set of factors contributing to an increased risk of infant death. We review here what is known and not known about the P479L variant and argue that public health action is premature. Instead, a collaborative effort is needed to address the remaining uncertainties about this genotype.
BACKGROUND: FATTY ACID METABOLISM AND

CPT1A GENE VARIANTS
When glycogen stores are exhausted as a result of fasting or prolonged exercise, fatty acids are released from adipose tissue to be oxidized in mitochondria to form ketones as the main source of cellular energy. 9 CPT1A plays an important role in this process by catalyzing the substitution of carnitine for the CoA group conjugated to a fatty acid and allowing transport of long-chain fatty acids across the mitochondrial membrane for β-oxidation and conversion into ketones. 6, 9, 10 CPT1A expression is subject to diet and hormonal regulation; 11 malonyl-CoA is thought to inhibit CPT1A activity whereas a diet rich in polyunsaturated fatty acids may upregulate CPT1A expression. [12] [13] [14] The efficiency of the CPT1A pathway is assessed by calculating the ratio of free carnitine to free long-chain acylcarnitine (C0/ (C16 + C18)). 11 Loss of CPT1A activity increases this ratio.
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Much of what is known about CPT1A comes from the wellcharacterized p.G710E variant that is found at a frequency of 0.07 in the Hutterite population but is rare in other populations. 5 The p.G710E gene variant results in complete loss of catalytic function of CPT1A by altering the active site of the enzyme, although it does not affect protein synthesis or localization. 6 The resulting severe clinical symptoms are referred to as classic Carnitine palmitoyltransferase 1 isoform A (CPT1A) is a crucial enzyme for the transport of long-chain fatty acids into the mitochondria. The CPT1A p.P479L variant is found in high frequencies among indigenous populations residing on the west and north coasts of Alaska and Canada and in northeast Siberia and Greenland. Epidemiological studies have reported a statistical association between P479L homozygosity and infant death in Alaska Native and Canadian Inuit populations. Here, we review the available evidence about the P479L variant and apply to these data the epidemiological criteria for assessing causal associations. We found insufficient evidence to support a causal association with infant death and, further, that if a causal association is present, then the genotype is likely to be only one of a complex set of factors contributing to an increased risk of infant death. We conclude that additional research is needed to clarify the observed association and to inform effective preventative measures for infant death. In light of these findings, we discuss the policy implications for public health efforts because policies based on the observed association between P479L homozygosity and infant death data are premature.
CPT1A deficiency: hypoketotic hypoglycemia, liver failure, hepatomegaly, seizures, and coma, with complications often triggered by fasting, fever, or prolonged exercise. 5 Although the condition can be fatal without treatment and recurrent events can result in neurologic sequelae, a special low-fat diet supplemented with medium-chain fatty acids effectively prevents the appearance of clinical symptoms. 5 The risk of a hypoketotic event is highest in the first 5 years of life. 5 Besides the p.G710E variant, several other isolated instances of severe CPT1A deficiency have been reported. 11, 15, 16 Newborn screening to identify infants with classic CPT1A deficiency is mandated in 32 states of the United States and is available or likely to be detected as a result of other tests in 16 more states and 5 Canadian provinces. 17, 18 In contrast to the p.G710E variant, the P479L gene variant causes a substitution of leucine for proline in a binding site for malonyl-CoA, reportedly resulting in residual CPT1A function of approximately 25-50%. 11, 19, 20 The P479L protein seems to have reduced affinity for the endogenous transferase inhibitor, malonyl-CoA; it is also thermolabile and unstable and experiences rapid degradation. 13 The frequency of the variant ranges from 0.68 to 0.85 among some indigenous populations in Canada, Alaska, and Siberia 21, 22 ( Table 1) . It is especially common in Nunavut, Canada and in western Alaska, where most of the population is of Inuit ancestry; the variant is exceedingly rare in other populations. 21, 22 
ASSOCIATION BETWEEN P479L AND INFANT DEATH
To date, four small-scale population-based studies have reported on the association between the P479L variant and risk of infant mortality: two among Alaska Native (AN) infants; 1, 8 one in Canada's three north territories, with a follow-up analysis in Nunavut, Canada; 23 and one in First Nations (FN) infants in British Columbia, Canada. 3 Here, we examine the strength of the evidence and conclusions presented in each of these studies separately and then assess the collective evidence according to epidemiologic criteria for a causal association.
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Studies of Alaska Native infants
The first study performed in Alaska examined the incidence of infant mortality within the first year by linking individual CPT1A genotype data of 616 AN infants with birth certificates and, if available, death certificates. 1 The death certificates listed the cause of death for seven infants, with five being P479L homozygous. Five of the seven infants had respiratory infections at the time of death and all infants showed some signs of infection, but respiratory infections were listed as the cause of death for only one P479L homozygous infant and the two heterozygous infants. 1 The results of this study demonstrate a statistically significant association between CPT1A genotype and infant mortality ( Table 2 ). The sample size for infant deaths was very small (n = 7), suggesting that the association should be interpreted with caution. Furthermore, one of the deaths of an infant with P479L homozygosity was adjudicated as a homicide, which is not a biologically plausible consequence of the genetic variant. 1 The wide variability in allele frequency by geographical region suggests possible population stratification, which has been associated with a higher false-positive rate. 25 When the association analysis was repeated for infants from the western and northern regions only, where the variant is found at high frequency, the odds ratio (OR) was 5.0 and no longer statistically significant (95% confidence interval (CI): 0.6 to 42.6, P = 0.12).
In a second study of AN infants, the frequency of the P479L variant was compared in 110 infants who died before 1 year of age and 395 infants who lived. 8 After adjusting for three of the variables that have previously been associated with increased risk of infant mortality, maternal prenatal alcohol or tobacco use, maternal education, and involvement of a father figure, the distribution of the P479L variant was not significantly different between cases and controls. 8 In fact, the authors concluded that sudden infant death was less likely to be the cause of mortality for P479L homozygous infants than it was for infants heterozygous or homozygous for the reference variant, although this finding was not statistically significant (OR = 0.50; 95% CI: 0.22-1.1). However, P479L homozygosity was associated with increased risk of death due to infection (OR = 2.9; 95% CI: 1.0-8.0). This finding is consistent with a previous study of Alaska Medicaid billing claims that found a small increase in lower respiratory infections (mean: 5.5 vs. 3.5 episodes) and otitis media (prevalence: 86 vs. 69%) among AN children from birth to age 2.5 years who had P479L homozygosity and resided in nonhub communities. 23, 26 Further studies are needed to determine whether infectious disease aggravates any hypoglycemic risk associated with the P479L variant as it does for the p.G710E variant.
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Studies of Canadian Inuit and First Nations Infants
Using population prevalence data, a study performed in northern Canada provided data on the association between P479L homozygosity and risk of sudden infant death syndrome, sudden unexplained death in infancy, and death due to infection ( Table 2) . 4 Among all homozygous P479L sudden infant death syndrome and sudden unexplained death in infancy cases, at least one sleep-related risk factor was also present, including nonsupine sleeping and bed sharing. 4 Similar to the results from the first study in Alaska, 1 the ORs for risk of infant death with P479L homozygosity were significant but had wide CIs ( Table 2) .
Nunavut has an infant mortality rate that is three times the Canadian national average; it also has a high prevalence of P479L homozygosity. 4 However, the P479L variant was not found to be in Hardy-Weinberg equilibrium in the Nunavut region overall, indicating that the population substructure could affect association results. Stratifying the analysis by regions within Nunavut weakened the genetic association. Notably, in the Kitikmeot region, with a high prevalence of the P479L variant (0.73), the OR was 1.09 (95% CI: 0. 19-11.47) . Furthermore, genotype data were available for only 35 of the 81 infants, 17 of whom were genotyped after death at the request of the medical examiner, which may have introduced bias based on which infants were genotyped. The authors caution that these data neither confirm nor rule out a role of the P479L variant in infant death because the study size was small and because other known risk factors for infant death, which include high rates of nonsupine sleeping and bed sharing, maternal smoking, home tobacco exposure, and prematurity, are more common in Nunavut than in other regions of Canada. 4 A study of FN infants in British Columbia examined the CPT1A genotype and C0/(C16 + C18) ratios from all 2,332 newborn blood spots from 2004 and an additional 51 unexplained cases of infant death from 1999 to 2009 ( Table 2) . 3 They found that frequencies of P479L homozygosity varied widely across the three regions (Table 1) . Additionally, they found that the C0/(C16 + C18) ratios in newborns with P479L homozygosity were significantly higher than those in newborns heterozygous and homozygous for the reference variant (P < 0.0001). However, the ratios were well below those found for infants with classic CPT1A deficiency (50th percentile in the mid-20s for P479L homozygotes compared with 105 for infants with classic CPT1A deficiency 16 ). No difference was seen between the ratios of the 11 P479L homozygotes who experienced infant death and the ratios of the 227 infants who did not. 3 When all three regions of British Columbia were examined together, P479L homozygosity was significantly associated with sudden infant death. When the three regions were analyzed separately, a significant association was found in Central Vancouver Island but not in South Vancouver Island ( Table 2) , and no cases of infant death were reported in the Central Coast region, which had the third highest frequency of the P479L variant ( Table 1) . These data provide further evidence of the impact of stratification and clustering on the results.
OVERALL ASSESSMENT OF CAUSALITY BETWEEN P479L AND INFANT DEATH
Epidemiological criteria for establishing a causal association include strength and consistency of the association, temporal sequence, dose response, biological plausibility, and alternative causal explanations. 24 Each of these principles is considered in the context of what is currently known about the P479L variant and infant death, including the evidence presented in the aforementioned four studies.
Strength and consistency of the association
Taken together, the available association results provide preliminary evidence that P479L homozygosity is associated with increased risk of infant death among AN and Inuit populations. 1, 3, 4 The ORs in the four studies reviewed here are high, of similar magnitude, and statistically significant. However, the case sample sizes in all four studies are small (n = 7, n = 35, n = 51, and n = 110, respectively) 1,3,4,8 and the OR CIs are wide, providing imprecise estimates of the actual magnitude of the association.
In addition, the genotype frequencies in these populations deviate from Hardy-Weinberg equilibrium, demonstrating an excess of both the homozygous P479L genotype and the homozygous reference genotype and showing a dearth of heterozygotes. 1, 3, 22 Further comparisons are difficult because study parameters and definitions are inconsistent across the four studies. The age range considered for infant death was younger than 1 year of age 1, 4, 8 or younger than 2 years of age, 3 and the end points included sudden unexplained infant death, 3,4 death resulting from infectious disease, 4, 8 or all cases of infant death together. 1, 8 Thus, the available data offer support for an association but uncertainty about its strength and consistency.
Temporal sequence of events
In causal associations, the risk exposure should occur prior to the health outcome. The development of hypoglycemia mediated by P479L homozygosity during infancy might provide some useful evidence related to this criterion. One study reported the fasting of five AN children who were P479L homozygous. 27 During fasting, the levels of long-chain acylcarnitine and free carnitine changed less than in children with normal metabolism. Two of the children, both with a history of hypoglycemic symptoms, developed hypoglycemia, but the three other children maintained normal blood glucose levels (>50 mg/dl), 27 thus raising questions about the association of P479L homozygosity with hypoglycemia during fasting. The fasting study was terminated early at 18 h, 27 and the small sample size and lack of controls make it difficult to draw meaningful conclusions from these data.
Dose-response relationship
This criterion is not relevant for an association between the P479L allele and infant death. P479L heterozygotes are expected to have 50 to 75% of the enzyme level found in people homozygous for the reference variant, with correspondingly increased C0/(C16 + C18) ratios. 3, 19 Infants with the heterozygous genotype are not expected to be at increased risk for sudden infant death, 3 and the reported associations are with the P479L homozygous genotype only.
Biological plausibility and consistency with other knowledge
The effect of the P479L variant on enzyme function is an important consideration for the biological plausibility of a causal association with infant death. The p.G710E variant results in a completely inactive protein. 28 By contrast, the P479L variant reduces protein stability and inhibition by malonyl CoA 13 but does not appear to affect the active site for acyl-CoA binding specifically. 19 Therefore, the protein that is present in the cell should be active and could be more efficient than protein from the reference variant due to decreased sensitivity to malonylCoA inhibition and upregulation with a diet rich in polyunsaturated fatty acids. 13, 19 The impact of the P479L variant on catalytic efficiency thus would depend on the extent to which it reduces CPT1A accumulation.
Frequency of the variant is also a consideration. If a genotype is associated with a significant increase in infant death, it would be expected to have a low frequency in the population and to decrease over time as a result of decreased reproductive fitness. 29 However, P479L homozygosity is present in more than 50% of adults in several of the indigenous populations where it has been found, and the P479L variant may have experienced a recent selective sweep in these populations. 2 For a causal association with infant death to be present, one would have to assume either (i) that the reproductive success of adults with P479L homozygosity is extremely high compared to those with other CPT1A genotypes due to an effect of the P479L variant or another variant in linkage disequilibrium 29 or (ii) that the environmental circumstances in which the genotype leads to a higher risk of infant death represent a very recent change.
There has been a shift away from the traditional diet in favor of a Western diet among Inuit and AN populations, [30] [31] [32] and one might speculate that a Western diet is deleterious to P479L homozygous infants. Traditional foods in AN communities are high in polyunsaturated fatty acids, which may historically have upregulated CPT1A expression 21 and compensated for any protein instability. 13, 14 In fact, the variant may have been protective 2, 13 by reducing accumulation of CPT1A, which in turn would have prevented the overproduction of ketone bodies. However, even if the P479L variant were less adaptive for a Western diet, the effect of a dietary transition would need to be dramatic to account for the proposed impact on infant death, and one might expect a deleterious effect on older children and adults as well. In fact, a study involving Yup'ik people living in southwestern Alaska showed an association between P479L homozygosity and favorable fasting lipid levels and an inverse association between P479L homozygosity and obesity. 21 Two other studies have shown a role of CPT1A in increasing protective lipid profiles related to cardiovascular disease. 20, 33 Overall, the available evidence about the effect of P479L homozygosity on enzyme function and the high prevalence of the genotype among adults in the affected populations reduces the biological plausibility of a causal association between P479L homozygosity and infant death.
Alternative explanations for the association between P479L homozygosity and infant death
A noncausal association between P479L homozygosity and infant death could occur if other risk factors for infant death are more prevalent among the indigenous populations in which the P479L variant is prevalent. The available evidence suggests several possible factors.
Infant sleeping practices. The majority (70%) of recorded deaths in the Nunavut study occurred among infants with at least two sleeping risk factors, including sleeping in the prone position or in bed-sharing arrangements, and all deaths of P479L homozygous infants had at least one sleep-related risk factor. 23 The other three studies did not report on infant sleeping practices. 1, 3, 8 An association between genotype and infant death may reflect sleeping practices among populations with a high prevalence of the P479L variant rather than a causal association.
High infant death rates among indigenous populations.
More generally, population-based studies document an increased infant death rate among indigenous populations across North America (overall 1.5-to 2.5-fold), as well as among many indigenous populations globally. [34] [35] [36] [37] Risk factors among American Indian and Alaska Native (AI/ AN) populations include higher rates of low birth weight (possibly related to limitations in prenatal care), 34, 36, 38 lower respiratory infections, 38, 39 maternal education of less than 12 years, 38 unmarried mother and/or the father's name not on the birth certificate, 38 prenatal smoking or alcohol use by the mother, 38, 40 and reduced air turnover in the home. 23 Compared with white infants living in rural regions, rural AI/AN infants are more likely to die from complications of congenital malformations, respiratory infection, sudden infant death syndrome, unintentional injury, diseases of the circulatory system, newborn bacterial sepsis, and homicide. 37, 41 Children in the circumpolar areas of Canada have high rates of invasive Haemophilus influenzae infection, leading to 0.65 deaths per 1,000 live births in Nunavut. 23 Infants in Nunavut experience an OR of 8.79 for death due to infection compared to Canadian infants outside of Ontario. 
Implications
The available studies point to a number of social factors that could contribute to higher infant mortality rates among populations with a high prevalence of the P479L variant. Together with data on enzyme function and genotype prevalence, these data indicate that a noncausal association between P479L homozygosity and infant death is plausible. Although further investigation of the genotype is warranted, future research should also incorporate careful assessment of potential confounders that may in fact be the causal factors leading to higher rates of infant death in northern indigenous populations.
PENETRANCE
As described above, the available evidence raises questions about a causal association between P479L homozygosity and infant death. However, even if a causal association were established, the high prevalence of P479L homozygosity among adults in the Canadian and Greenlandic Inuit and AN populations studied [20] [21] [22] indicates that the genotype would have very low penetrance. P479L homozygosity is found in 50 to 70% among adults in the affected populations and at frequencies not substantially different from that in newborns.
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POLICY IMPLICATIONS
Potential negative consequences of unproven interventions
Public health messaging about CPT1A based on presumed biological implications of the association between P479L homozygosity and infant death is premature. A public video campaign to raise awareness about the variant and to promote dietary interventions has been developed 7 and disseminated in clinics throughout Alaska; however, the value of efforts to change infant feeding practices is unproven and could have unintended negative consequences. For example, increased feeding with nontraditional carbohydrate-rich diets could lead to weight gain, which may be a concern for a population that is already combating problems with obesity (affecting 58% of AN women and 19% of AN men in western and southwestern Alaska) and a prevalence of type 2 diabetes that has increased 300-fold since the 1980s among AN populations in parts of western Alaska. 42, 43 Public health messages regarding an increased risk of infant mortality could also lead to parental worry and frequent visits to health-care providers.
Newborn screening
Newborn screening for infants who have severe CPT1A deficiency offers an important opportunity to initiate life-saving dietary interventions. 44 Such screening became possible in the early 2000s, when the US and Canadian newborn-screening systems adopted tandem mass spectrometry (MS/MS) analysis that can determine C0/(C16 + C18) ratios. Although MS/ MS is effective at identifying infants with homozygosity for the p.G710E variant resulting in classic CPT1A deficiency, detection of P479L homozygosity is less efficient due to median C0/ (C16 + C18) ratios below those published for classic CPT1A deficiency. 3, 16, 45 All of the AN infants identified in published literature with CPT1A deficiency have been identified during follow-up from other abnormal results and were not initially identified from abnormal C0/(C16 + C18) ratios in MS/MS screening. 46 Presumably, the lower ratios and reduced detection 
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reflect the partial enzyme activity associated with P479L homozygosity. They also point to uncertainty about the benefits of early detection of infants with P479L homozygosity. Although newborn screening can identify infants for early lifesaving interventions, it also may falsely identify patients who do not need and will not benefit from these interventions. The value of detecting infants with P479L homozygosity, or other nonclassic forms of CPT1A deficiency, is unproven. The key question in addressing this issue, which is unresolved by current data, is whether the association between P479L homozygosity and infant death can inform targeted interventions that reduce risk.
Further evaluation of the CPT1A association Although a causal association between P479L homozygosity and infant death seems unlikely, further research is needed. In particular, if a biological basis related to CPT1A enzyme activity could be established for the association, interventions based on this knowledge, possibly including changes in the frequency and content of infant feeding practices, might reduce mortality. 46 In addition, establishing a causal association might provide a justification-currently lacking-for focusing prevention efforts on infants with P479L homozygosity. It is worth noting, however, that even if a causal association is proven, prevention efforts might still be optimally directed toward mediating factors affecting all infants. For example, if death in infants with P479L homozygosity is mediated by respiratory infection, reducing pathogen exposure might be the most effective intervention approach.
Additional risk factors for infant death
Whether or not the association between P479L homozygosity and infant death reflects a role for the genotype in a causal pathway, there is a need for a better understanding of other factors contributing to infant death in northern indigenous populations. As described above, these could include sleepassociated risk factors, higher exposure to respiratory viruses, inadequate access to health care, and adoption of a Western diet. 8, 36, [39] [40] [41] Clarifying the relative importance of these factors and the interactions (if any) among them or with P479L homozygosity is essential to designing appropriate interventions to reduce risk.
RESEARCH AGENDA
A deeper understanding of all risk factors for infant death present among populations with a high frequency of P479L homozygosity is urgently needed. Interventions involving sleeping practices and exposure to respiratory pathogens, as well as increased efforts to improve access to prenatal care and social support for pregnant women and new mothers, may be the most effective approaches to reducing infant deaths. These approaches represent the important public health priority. However, attention must also be paid to the question of P479L homozygosity and, in particular, whether preventive efforts for infants with this genotype are warranted.
Given the limited data available at this time, a fundamental policy concern is to ensure the implementation of a research agenda that can determine whether P479L homozygosity contributes to infant death in the context of a more comprehensive assessment of all potential risk factors and, if so, by what biological mechanisms. Population-based research incorporating the evaluation of both known and suspected risk factors for infant death is needed. Studies need to be designed and adequately powered to evaluate potential confounders such as access to prenatal care, infant sleep practices, and living conditions associated with an increased likelihood of respiratory pathogen exposure. Cross-border studies of populations residing in Alaska and northern and western Canada may be needed to achieve adequate sample sizes. From these studies, potential interventions could be identified for further assessment.
A critical element in a successful approach will be the inclusion of leadership from the affected AN and Inuit populations in the development and implementation of the research to ensure both the identification and assessment of risk factors for infant death and community support for interventional trials. Collaborative research partnerships among tribal communities and university-based researchers to support genomic research utilizing the principles of community-based participatory research [47] [48] [49] provide a model for pursuing this important research agenda.
